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Investigation on turbulence properties in the
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Institut für Luft- und Raumfahrt, RWTH Aachen
Wüllnerstr. 7, 52062 Aachen
Experiments with a generic rocket model have been conducted in a subsonic wind tun-
nel at Ma = 0.2 and Re = 4.1×106 m−1. The measurements focused on turbulent wake
flow properties that emerged from the bluff base configuration of the rocket body. Planar
and stereoscopic particle image velocimetry (PIV) were applied to several, perpendic-
ular regions of interest (ROI) in the base flow and provided comprehensive statistical
information with high spatial resolution. The velocities were decomposed into mean and
fluctuation values and combined to three-dimensional views of the flow structure. Dis-
tinct flow patterns were observed and can be compared to similar studies of the wake
of both two- and three-dimensional bodies. Base-mounted, high-fidelity pressure trans-
ducers and a constant temperature anemometry (CTA) sensor complete the survey by
providing time-resolved fluctuation data. Energy spectra of both techniques suggest the
existence of a characteristic dynamic mode or vortex shedding with a Strouhal number
of Sr = 0.21. Evaluations of multiple clustered pressure transducers illustrate the spatial
coherence. In agreement with statistical PIV data, constant temperature anemometry
outlined the spatial structure of turbulence in the wake flow.
1. Introduction
Within the framework of the collaborative research centre SFB-TR 40, sub-project
B2 conducts experimental investigations focusing on the base flow of generic rocket
configurations. It is well known that the base drag severely influences the total drag
when a blunt, non-streamlined base geometry cannot be avoided. Also, dynamic flow
phenomena like buffeting affect the design process during launcher development. By
providing detailed datasets, previous work packages mainly covered the mean flow and
mean base pressure properties of the reference geometry with special focus on the
influence of small freestream angles [1].
Regarding former investigations of blunt-based models focusing on turbulence prop-
erties, it can be seen that the majority of the studies deal with 2-dimensional geometries
and low to moderate Reynolds numbers. For instance, van Oudheusden et al. [2] ex-
perimentally investigate the wake of a 2D square-section cylinder by means of PIV. It is
shown that the velocity fluctuations in freestream direction (urms) and perpendicular to
freestream direction (vrms) show a distinct spatial anisotropy and form a characteristic
pattern that in principle will also be observed here. Furthermore, the formation of turbu-
lence is connected to a characteristic vortex shedding mode that dominates the wake
flow.
Hu and Zhou [3] provide turbulence measurements for various blunt-based, 2D model
geometries regarding Reynolds numbers up to ReD = 8500. The discussion includes the
100 C.C. Wolf, R. Henke & R. Hörnschemeyer
different corner radii at front and base of the model and their influence on the turbulence
structures. Connections to the separation and vortex formation lengths and finally to the
base drag coefficient cd are pointed out.
Higuchi et al. [4] present base-flow turbulence data for a three-dimensional, axially
blown cylinder with low length-to-diameter ratio at ReD = 1× 105. The statistical eval-
uation of PIV images reveals a toroidal structure of urms in a plane perpendicular to
freestream direction. A remarkable symmetry of this structure is achieved due to the
high number of PIV records and the usage of a magnetic suspension system without
physical support structures. The turbulence level urms/U∞ reaches up to 8% at 0.33
diameters downstream of the base plane.
Kawai and Fujii [5] investigate a cylindrical base flow by means of a numerical RANS/
LES simulation and present dominant fluctuation modes over a wide range of Mach
numbers. In particular, for the lowest Mach number of 0.52 a dominant dynamic mode
at Sr = 0.28 is revealed.
The present investigation extends previous work by providing experimental data for a
relatively high Reynolds number of ReD = 4.4× 105 and a high length-to-diameter ratio
of L/D = 10.
2. Model geometry and PIV setup
Experiments have been conducted in the open test section of a closed-circuit wind
tunnel operated at U∞ = 70 m/s (Ma = 0.2) and T∞ = 310 K, resulting in a Reynolds
number of ReD = 4.4× 105 based on the rocket diameter. Fig. 1, left, depicts the geom-
etry of the model. Fig. 1, right, shows the general layout of the conducted PIV experi-
ments. The PIV setup comprised of an Nd:YAG double-pulse laser with a pulse energy
of 120 mJ and double-shutter cameras with a resolution of 2048× 2048 pixels. The laser
beam was expanded by appropriate optics to a light sheet of approx. 6 mm thickness
illuminating the flow field seeded with DEHS oil droplets. Planar (2C) PIV technique was
applied to ROI in the x, y- and x, z-plane. The separation time between double frame
images was set to ∆t = 20 µs for this configuration. According to the desired field of
view and the object distance of about 0.95 m (for x, y-plane) or 1.15 m (for x, z-plane),
lenses with a focal length of 85 mm were used. For ROI parallel to the y, z-plane, stereo
(3C) PIV technique using two cameras had to be applied due to the significant out-of-
plane velocity. The cameras were placed on both sides of the test section in a way that
the enclosed angle between the optical axes amounted to ∼ 100◦. Scheimpflug lens
adapters accounted for the oblique viewing conditions, while teleconverters countered
the increased object distance in order to match the resolution of the 2C-setup. Further-
more, separation time was reduced to ∆t = 10 µs to minimize out-of-plane particle loss.
Double-frame images were evaluated by adaptive cross-correlation and final interroga-
tion windows of 64× 64 pixels with 75% overlap. Commercial PIV software (LaVision
DaVis) was used for this task. Tab. 1 briefly summarizes additional parameters of the
ROI.
3. Statistical turbulence properties
The low repetition frequency of the PIV-system (max. 5 Hz) inhibits time-resolved
measurements, nevertheless it can be assumed that a sufficient magnitude of instan-
taneous velocity fields is statistically independent and can be evaluated accordingly. A
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plane velocity coords. resolution vector spa-
components x/D[−] y/D[−] z/D[−] [pix/mm] cing [mm]
x, y u, v 0 · · · 2 −0.8 · · · 0.8 0 12.2 1.3
x, z u, w 0 · · · 1.55 0 −0.75 · · · 0.75 10.0 1.6
y, z u, v, w 0.23, 0.46,
0.68, 1, 1.28
−1 · · · 1 −0.7 · · · 0.83 11.4 1.4
TABLE 1. Main parameters of PIV regions of interest
FIGURE 1. Model geometry (left), concept sketch of the PIV setup for x, y-plane (blue), x, z-plane
(green) and y, z-planes (red), coordinate origin centred in base plane, camera position not in scale
(right).
total number of 465 images (2C) or 500 images (3C) have been taken per plane, respec-
tively. Fig. 2 shows the color-coded streamwise velocity component u for z = 0, y = 0
and x/D = 0.23 along with planar streamlines for z = 0 and y = 0. In this view, the
spatial structure of the recirculation area and the resulting toroidal vortex structure can
be seen. It should be noted that the symmetry of the base flow structure is influenced
by the wake of the sting support and very sensitive to angular misalignments of the
forebody. Apart from this, the perpendicular ROI show good agreement at the intersec-
tion lines. The pressure level at the model base is on the range of cp = −0.1 · · · − 0.12
and indicates the increased drag coefficient of blunt-based configurations in agreement
with comparable studies, see e.g. [6] or [7]. This report will not discuss further details of
the averaged flow conditions, for additional information like vortex and stagnation point
positions see [1].
Fig. 3 shows the spatial distribution of the Reynolds stresses urms/U∞ and vrms/U∞
above a cutoff value of 15.5 %. The root mean square values have been computed using
the following definition
urms =
√
u′2 =
√√√√ 1
N
N∑
0
ui (3.1)
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FIGURE 2. Streamwise velocity component u for x = 0.23, y = 0 and z = 0, planar streamlines
for y = 0 and z = 0
FIGURE 3. Distribution of urms/U∞ and vrms/U∞ in the x, y-plane, cutoff value 15.5%,
streamlines of the averaged velocity shown for better orientation
where ui denotes the instantaneous values and N the total number of images taken
(465 or 500). It can be seen that the maximum values of vrms (shaded yellow to red)
are centred along x-axis, located near and downstream of the rearward stagnation
point. vrms/U∞ exceeds 15.5 % for x/D ≈ 1.1 · · · 1.7 and x/D ≈ −0.2 · · · 0.2. In contrast,
urms/U∞ surpasses this (arbitrary) cutoff threshold in two separate, disclosed regions
shaded turquoise to blue. The regions are mirror-inverted to the x-axis, the correspond-
ing coordinates are x/D ≈ 0.7 · · · 1.7 and y/D ≈ ±0.2 · · · ± 0.4. The maxima of urms are
located about 0.5 diameters downstrean of the vortex cores of the averaged flow field.
As aforementioned, this anisotropic structure is already known from other bluff-body
wake investigations, both two- and three-dimensional, see e.g. [2–4]. In direct compar-
ison to other studies, the outlines of the isosurfaces in Fig. 3 look rather jagged due to
the relatively low number of instantaneous velocity fields used.
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FIGURE 4. Comparison of the velocity fluctuations in u and v as seen by 2C- and 3C-PIV
The 3C-planes provide data for u, v, w and intersect the 2C-plane of Fig. 3 at the
dashed green lines. Along these lines, the turbulence data for u and v can be compared
between both measurement techniques. The results are shown by Fig. 4. In general,
both PIV setups agree reasonably well and reveal the dominant flow characteristics. At
the downstream position (x/D = 1.28), the characteristics of the base flow are again
pointed out by the single, centred peak of vrms and the characteristic double peaks
of urms. For the upstream position at x/D = 0.23, the wake is not yet fully developed,
hence the fluctuations show no distinct pattern apart from the generally elevated plateau
between both shear layers. Comparing 2C and 3C data in detail, two deviations become
apparent and have been marked as 1) and 2) in Fig. 4. 1) marks an outlier in the stereo
data due to slight laser reflections at the rocket base that could not been avoided or
masked out. 2) marks a deviation that most likely originates in a slightly different align-
ment of the rocket body, which severely influences the base flow even on a scale of tenth
of a degree [1]. Nevertheless, regarding the generally good agreement between differ-
ent PIV setups, it is possible to combine (and even interpolate between) different ROI to
form three-dimensional views of the recirculation area. In this context, Fig. 5 shows the
distribution of streamwise turbulence between x/D = 0.68 and x/D = 1.28 in form of a
toroidal structure. In the y, z-plane, urms-values above the chosen cutoff shape a circu-
lar ring as a rotationally symmetric extension of the planar view. A closer look reveals
that this circular structure is not completely homogeneous since turbulence is enhanced
for negative z-values. Regarding the influence of the sting support, a symmetry along
z is not expected here. Fig. 6 depicts the turbulence perpendicular to freestream direc-
tion (vrms) for the abovementioned planes in a similar way. According to expectations, a
cylindrical structure emerges for values above the chosen threshold.
4. Time-resolved measurements - constant temperature anemometry
In order to obtain time-resolved data and corresponding frequency spectra, constant
temperature anemometry (CTA) was applied to the wake flow using a split-fiber film.
For this type of sensor, two nickel films are attached to a quartz rod in order to form
two half shells divided by a split. By electrically heating both sensing elements to a
constant temperature (∼ 240◦C in this experiment), the corresponding voltage readings
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FIGURE 5. Three-dimensional distribution of u′/U∞: y, z-slices shown for x/D = 0.68, x/D = 1
and x/D = 1.28 (from left to right, cutoff value 0.12)
FIGURE 6. Three-dimensional distribution of v′/U∞: y, z-slices shown for x/D = 0.68, x/D = 1
and x/D = 1.28 (from left to right, cutoff value 0.1)
(designated E1 and E2) can be related to the total velocity Uplane and the angle of attack
αplane regarding the split plane, see Fig. 7, right. Prior to experiments, the split-fiber film
was calibrated using a commercial calibration device (Dantec Flow Unit) providing an
airflow of known velocity. The device provides a sensor mount that can be precisely
rotated along αplane to capture the angle-of-attack influence. In-house code based on
the work of Ahn [8] was developed to establish the relation between voltage readings
and flow velocities. The sum of the voltage readings can be related to the flow velocity
using the following equation, known as (modified) King’s law:
(
E1 + E2
2
)2
= A+B · UNplane (4.1)
The parameters A, B and N have been fitted to match the data of the calibration
covering Uplane = 0 · · · 82 m/s and αplane = −60◦ · · · 60◦. A normalized difference NZ
of the voltages E1 and E2 exhibits a linear relation to the angle-of-attack, as defined by:
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FIGURE 7. Region of interest for split-fiber measurements (left), operating principle of split-fiber
film (right)
FIGURE 8. Calibration of the split-fiber film regarding flow angle (left) and magnitude (right)
NZ =
(E1 − E0,1)2 − (E2 − E0,2)2
((E1 − E0,1) + (E2 − E0,2))2
= C · αplane +D (4.2)
In Eq. 4.2, E0,1 and E0,2 designate the offset voltages at zero velocity. The result of the
calibration process is shown in Fig. 8. The calibration equations and fitted coefficients
are represented by solid red lines, each calibration data point by a black x. Referring to
the angular function (Fig. 8, left), the scatter of data points at a given αplane marks the
residual influence of the different velocities. A closer evaluation of this scatter leads to
the conclusion that the uncertainty of αplane introduced by the calibration is about ±2.5◦.
A similar argumentation regarding the velocity plot (Fig. 8, right) leads to an uncertainty
of ±3.5 m/s.
Measurements with the calibrated sensor have been performed for x/D = 1.85, y = 0
and z/D = −0.9 · · · 0.9. The setup is sketched by Fig. 7, left. The region of interest,
marked by a dashed blue line, is well downstream of the recirculation area that stretches
up to x/D ∼ 1.28. Split-fiber measurements could not be performed further upstream
since the maximum (instantaneous) angle of attack is limited to ±60◦. This restraint
is chosen frequently since the angular calibration becomes ambiguous as αplane ap-
proaches ±90◦. The sensor was mounted on a cylindrical support sting impinging the
test section from the right side. The sting could be moved along x, y, z by a computerized
traverse system, position of the sensor with respect to the rocket base was determined
using a calibrated camera similar to the PIV setup. Voltage readings were sampled at
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FIGURE 9. Power spectral density of velocity fluctuations in and normal to main stream direction
6000 Hz over 10 s for each measurement. Varying temperatures were accounted for by
correcting the raw voltages using well-established relations, see e.g. [9]. After decom-
posing the measurements into the velocity components u and w, the signals could be
transferred into frequency domain using a standard welch algorithm. Fig. 9 shows the
power spectral density (PSD) of velocity fluctuations u′ and w′ as seen by CTA. Fre-
quency is represented by the dimensionless Strouhal number based upon the rocket
diameter.
In the wake flow (z/D ∼ −0.55 · · · 0.55), each single PSD exhibits a distinct peak. A
closer look reveals that the corresponding Sr numbers of every peak agree on a value
of 0.21 (∼ 136 Hz). A comparison between velocity fluctuations in main stream direction
(u) and perpendicular to main stream direction (w) support the findings of the statistical
PIV evaluation. Regarding w′, peaks reach highest intensity near centreline (z/D = 0
and z/D = 0.09) and continuously decrease towards the outer regions. In contrast to
this, highest peaks for u′ are located at y = ±0.27 and decrease both towards centreline
and towards external flow. At centreline (z = 0), a peak at Sr = 0.21 is still visible, but
around 6 times smaller compared to the maximum peaks at y = ±0.27. In total, CTA
measurements verify the flow structure outlined by PIV and additionally suggest, that
the wake flow and the resulting turbulence pattern is mostly governed by an periodic
flow oscillation or vortex shedding.
5. Time-resolved measurements - dynamic pressure measurements
In addition to the CTA technique, high-fidelity pressure transducers were installed at
the rocket base in order to capture prevailing dynamic modes. Five transducers have
been clustered at several circumferential positions and sampled simultaneously to allow
correlation techniques. Fig. 10 shows the dimensions of the transducers (left) and the
corresponding locations in the base plane. The model base can be rotated in steps of
60◦ to cover complete hemisphere.
Prior to the measurements, the calibration coefficients of all transducers have been
determined in a pressurized chamber. During experiments, data has been collected
over 40 s at a sampling rate of 32 kHz (about one forth of the response frequency of the
transducers).
Fig. 11, left, shows the normalized power spectral density over the complete range of
circumferential angles, combined of six independent measurements. The vortex shed-
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FIGURE 10. Dynamic pressure transducers and installation locations
FIGURE 11. PSD of dynamic pressure p′ at different circumferential positions (left), coherence
spectra at different circumferential offsets (right)
ding peak is visible in all graphs, although less apparent compared to CTA measure-
ments. This was expected since PIV statistics showed less turbulence in vicinity of
the base compared to positions further downstream. A closer look confirms the corre-
sponding Strouhal number of Sr = 0.205− 0.21. The spectrum is superimposed by low-
frequency noise continuously increasing up to zero frequency. In the graphics shown,
values for Sr < 0.05 have been cut off to improve visibility.
In order to examine correlation effects between multiple pressure transducers, the
signals have to be recorded simultaneously, limiting the circumferential angle under in-
vestigation to ∆φ = 60◦. Fig. 11 shows a typical coherence spectrum parameterized
by the angular offset between two sensors. The coherence spectrum is defined as the
frequency-resolved and normalized degree of correlation between two signals. The peak
for Sr = 0.21 is clearly visible in all graphs. The level of coherence decreases with in-
creasing distance between two sensors, from ∼ 80% for ∆φ = 10◦ down to ∼ 15%
for ∆φ = 60◦. This implies that the pressure events induced by the vortex shedding
have a limited circumferential expansion and do not take place simultaneously over the
complete hemisphere. Another common peak of all coherence graphs apart form vortex
shedding is visible at Sr = 0.51 or ∼ 330 Hz. This phenomenon was identified as the
second harmonic of the blade passing frequency of the wind tunnel rotor.
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6. Conclusions
PIV measurements have been evaluated statistically to investigate the spatial dis-
tribution of turbulence in the wake of a generic rocket configuration. A distinct pat-
tern emerged when separating streamwise and stream-perpendicular components of
Reynolds stresses. Multiple perpendicular regions of interest were combined to gen-
erate three-dimensional views. Corresponding time-resolved measurements revealed
a dominating dynamic mode for Sr = 0.21 observed by both constant temperature
anemometry and dynamic pressure transducers. Correlation techniques were able to
identify spatially coherent structures.
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